Abstract: Desertification is a critical environmental problem in China's northwestern region. In this context, since the early 2000s, projects targeting ecological restoration have been implemented in the lower reaches of the Heihe River basin. Using multi-scale remote sensing data and field observations, this paper examines the outcomes of the ecological restoration projects. Specifically, this paper examines the vegetation change through remote sensing and local perceptions of the projects through semi-structured questionnaires. The results from remote sensing reveal that during the restoration projects, vegetation coverage in riparian areas of the lower reaches of the Heihe River basin increased. However, this increase cannot be simply equated with ecological recovery. Expansion of farmland and afforested areas have also contributed to the increase in vegetation coverage. Questionnaire results reveal that although locals perceived improvements in the ecological conditions of the lower reaches, most of them were more about future environmental changes. Additionally, results indicate that ecological restoration projects redistributed water resources in the local river reaches and, as a result, local residents living in riparian areas perceive greater benefit. Therefore, the implementation of the project may have actually negatively impacted the water accessibility of those living in the drier Gobi Desert areas.
Introduction
The United Nations Convention to Combat Desertification (UNCCD hereafter) emphasizes the critical importance of combatting desertification in arid, semiarid, and dry sub-humid areas resulting from climatic change and anthropogenic activities [1] . In 2011, more than 170 countries in the world faced problems of desertification [2] . China in particular has suffered from unparalleled speed and scale of desertification driven by rapid economic development, anthropocentric activities, and climatic variations. Land degradation in China's drylands has resulted in over 64 billion RMB (~$9.5 billion USD) in direct economic losses and affects more than 400 million people annually [3] .
In northwestern China, the lower reaches of the Heihe River basin face a risk of severe desertification. During the past century, this region's environment has severely worsened, which has led to more frequent sandstorms in eastern Asia [4, 5] . With the aim of environmental restoration, the Chinese government initiated a series of projects in the Heihe River basin starting in the late 1990s. Among these projects, the 2001 Short-term and Comprehensive Management Plan of Heihe River basin (SCMPH hereafter) is one of the largest ecological restoration projects in China with over 236 million RMB (~$35 million USD) of investments. The project includes constructing concrete water channels, improving management of tributaries, developing water-saving infrastructures, transferring water from the middle reaches to lower reaches, instituting a grazing ban to control number of livestock, building grassland fences, resettling pastoralists, and afforestation [6] [7] [8] [9] .
Previous research in Ejina County, an oasis area located in the lower reaches of the Heihe River basin, has confirmed the effectiveness of the SCMPH towards the recovery of terminal lakes, groundwater level elevation, and vegetation restoration (Figure 1 ) [6, [10] [11] [12] . However, the above-mentioned studies cannot assess the overall effect of SCMPH. Most remote sensing studies examining changes in the vegetation coverage have not been conducted over multi-temporal or multi-spatial scales [6, 12, 13] . Additionally, most previous studies neglect the perception of the local residents on policy outcomes. In decision-making and project management process, neglecting the voice of the local residents may compromise environmental achievements by causing conflict between ecological restoration and local residents' interests [14] [15] [16] [17] . Indeed, previous investigators have suggested that in the lower reaches of Heihe River basin local residents appeared to doubt the sustainability of SCMPH ( [8, 18] ).
This research aims to evaluate the outcomes of an ecological restoration project, namely SCMPH, implemented in the lower reaches of the Heihe River basin. The study is conducted from both multi-temporal and multi-scale aspects, taking agriculture and afforestation activities into consideration to identify whether increases in vegetation coverage indicate ecological restoration in the locality. Specifically, this research: (1) analyzes the changes in vegetation coverage using multi-temporal remote sensing data together with a ground-based plot survey; and (2) investigates the perception of local residents on the changes in vegetation coverage using a questionnaire. Section 2 introduces the study area. Section 3 explains the three analytical methods used: remote sensing data analysis, plot survey, and questionnaire survey. Section 4 reports the analytical results. The concluding section discusses the perceptions of local residents and the impacts of SCMPH on vegetation changes in the study area. 
The Study Area
As one of the largest inland river basins in China's arid northwestern region, the Heihe River basin is located north of the Qilian Mountains and situated in the middle of the Hexi Corridor ( Figure  1 ). The river is 821 km long, flowing through three provinces (or autonomous regions): Qinghai, Gansu, and the Inner Mongolia of China; its watershed covers an area of 128,283 km 2 [19, 20] . The river basin can be divided into upper, middle, and lower reaches based on ecological and socioeconomic features of the different areas. The upper reaches are mainly covered by mountains and glaciers and characterized by a cold and humid (or semiarid) climate. Runoff formation process in the entire Heihe River basin largely depends on the precipitation and meltwater of the upper reaches. The annual precipitation of the upper reaches ranges from 300 mm to 500 mm, and the annual mean air temperature was below 2 °C during 1960-2006 [21, 22] . The middle reaches of the Heihe River have a typical alluvial fan shape [23] . The annual precipitation of the middle reaches 
As one of the largest inland river basins in China's arid northwestern region, the Heihe River basin is located north of the Qilian Mountains and situated in the middle of the Hexi Corridor (Figure 1 ). The river is 821 km long, flowing through three provinces (or autonomous regions): Qinghai, Gansu, and the Inner Mongolia of China; its watershed covers an area of 128,283 km 2 [19, 20] . The river basin can be divided into upper, middle, and lower reaches based on ecological and socioeconomic features of the different areas. The upper reaches are mainly covered by mountains and glaciers and characterized by a cold and humid (or semiarid) climate. Runoff formation process in the entire Heihe River basin largely depends on the precipitation and meltwater of the upper reaches. The annual precipitation of the upper reaches ranges from 300 mm to 500 mm, and the annual mean air temperature was below 2 • C during 1960-2006 [21, 22] . The middle reaches of the Heihe River have a typical alluvial fan shape [23] . The annual precipitation of the middle reaches ranges from 100 mm to 300 mm, and the annual potential evaporation is about 2500 mm [22] . The lower reaches of the Heihe River basin cover more than 114,000 km 2 , with over 90% of the land cover occupied by the Gobi Desert [19] . The lower reaches maintain a typical continental arid climate, with annual precipitation levels less than 100 mm and annual potential evaporation levels at or more than 3000 mm [24] .
Ejina County is located in the terminal area of the Heihe River basin, in the west of Inner Mongolia (100 • 90 -101 • 42 E, 41 • 85 -42 • 50 N), with an area of 3288 km 2 . It is a typical oasis found in arid areas. The mean temperature in Ejina County is 9.5 • C, and the mean annual precipitation was 54.0 mm during 1973-2013 (Appendix A Figure A1 ). The annual potential evaporation of this area ranges from 3700 to 4000 mm [19] . Under these arid conditions, surface water from the Heihe River is a crucial water source for the local ecosystem. The riverside areas of the oasis are dominated by the perennial phreatophytes including Populus euphratica, and Tamarix ramosissima Ledeb. The main vegetation species are shown in (Appendix A Figure A2 ). In 2010, the five townships and one agricultural zone under the jurisdiction of Ejina County had a total population of approximately 16,200 living in 10,450 households [25] . People in Ejina County mainly depend on pastoral and farming activities for subsistence. Camels and goats are the principal livestock, while melon and cotton are the main crops in the region [8] .
The lower reaches of Heihe River basin experienced a dramatic environmental change between the 1950s and the 1990s. The annual river discharge at the Zhengyixia hydrological station declined from 12.83 × 10 8 m 3 in 1954 to 6.60 × 10 8 m 3 in 2000 (Appendix A Figure A3) , and the groundwater level in the lower reaches declined from 0.5-1.0 m in the late 1940s to 3.0-4.0 m in the 1990s [26] . This is partially due to the expansion of farmland in both the middle reaches and lower reaches of the Heihe River basin (Appendix A Figure A4 ). The decrease in river discharge and decline of groundwater level caused the two terminal lakes, the West Juyan lake with an area of 267 km 2 and the East Juyan lake with an area of 35 km 2 , to dry up in 1964 and 1991, respectively [21] . This deterioration of the water environment resulted in a significant decrease of vegetation coverage throughout the oasis, which has contributed to severe sandstorms, consequently furthering wind erosion, soil impoverishment, and desertification [19, 24] .
Material and Methods

Remote Sensing Data Analysis
The Normalized Difference Vegetation Index (NDVI) derived from satellite sensor data with a high temporal resolution is widely used to investigate the dynamics of vegetation, especially in arid and semiarid areas [27] [28] [29] . NDVI can quantitatively evaluate vegetation growth: high coverage vegetation generates large positive values, soil and non-vegetated coverage generate slightly positive values, and water bodies generate negative values. Considering data availability and reliability, we acquired our NDVI data using images from Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) sensors on board Landsat-5 and Landsat-7 platforms, respectively, provided by the United States Geological Survey (USGS) (Appendix A Table A1 ).
The images acquired from the USGS were calibrated using radiometric coefficients provided by [30] . Next, the atmospheric correction and mosaic of each scene was performed in order to weaken the interference from atmospheric differences in various scenes and to achieve full coverage of the region of interest. After pre-processing, NDVI and differences in NDVI were acquired from all pixels in the image using GRASS GIS 6.4 software. The NDVI of each pixel was calculated from the formula presented in Equation (1).
Vegetation cover grades were classified into four groups by adopting the widely used classification criteria from previous studies in the lower reaches (Table 1) , where a different NDVI group represents a different grade of vegetation coverage [31, 32] . Table A1 ). In order to ensure the best observations and analyses of vegetation responses, we used images taken in August for this study. August is widely recognized as the month that has the densest vegetation in Ejina Oasis. Images acquired in August have been utilized in other studies on vegetation changes in Ejina Oasis [29, 33] .
Mosaic images created from five different scenes available in 2001 and 2012 were used to analyze vegetation change in the entire lower reaches before and after SCMPH. We estimated the difference in NDVI before and after the project implementation (dNDVI) using Equation (2) .
We then classified the land cover into the following four types: significant decrease in NDVI for dNDVI values less than −0.05; no change or slight decrease in NDVI for dNDVI values between −0.05 and 0; no change or slight increase in NDVI for dNDVI values between 0 and 0.05; and significant increase in NDVI for dNDVI values greater than 0.05. Note that the ETM+ data observed in 2012 have data gaps with a stripe shape due to the failure of Scan Line Corrector, and, therefore, the data were only used for a rough understanding of vegetation change as well as pinpointing available NDVI to compare with local people's perceptions on vegetation change, which will be explained in the Section 3.3.
Plot Survey
We conducted a plot survey to examine the changes of vegetation species in response to SCMPH. This method can be used to examine the detailed vegetation species growing in one fixed area (usually a 100 m 2 plot). The study area of this survey (41 • 47.447-47.448 N, 100 • 57.879-58.131 E, 1410 m elevation) is located on the riverbank of the Heihe River, where the densest vegetation coverage and greatest variety of vegetation species in the lower reaches are observed (41) (42) (43) • N, 100-102 • E).
A rectangle plot was established, oriented from east to west, with a length of 350 m and a width of 20 m. The data for this survey were acquired from two surveys of the same plot conducted on 27 September 2003 and 13-19 September 2013. The methods were identical in both surveys. Measurements were taken of the following: diameters of all living trees at breast height (DBH) (for those taller than 200 cm) or at a height of 10 cm (for those less than 200 cm); the heights of the living parts and dead ends of the trees; and the branch spreads at north, south, east, and west directions. Furthermore, using the standard equation of ellipsoidal area, the crown projection area (CPA) was calculated as the ellipsoidal area from branch spreads at north, south, east, and west.
Semi-Structured Questionnaire Survey
In order to examine the local residents' awareness of the project outcomes, a questionnaire was designed following methods used in previous studies [34] [35] [36] [37] [38] [39] . The questionnaire targeted residents who have lived more than 10 years in the lower reaches and who were currently conducting farming and/or pastoral activities for a living. All respondents were selected randomly and interviewed independently in semi-structured interviews using questionnaires. The survey was carried out in three local communities in Dalaikubu town, Ejina County, in January 2014. The interviews were conducted in Chinese or Mongolian, according to the language preference of the interviewees, with the help of local interpreters.
The questionnaire was comprised of four sections: (1) background information of respondents, (2) perceived/predicted ecological change in the past decade and in the next decade if the efforts from SCMPH are terminated, (3) perceived changes of vegetation coverage in the past decade (increase, decrease, or no change), and (4) vegetation species used in their livelihoods. Although we asked the respondents to report their perceived environmental changes in Ejina as a whole, we assumed that their perceptions might be different depending on where their land is located. Therefore, all the respondents were also asked to indicate on a map where their pasture and/or farmland was located in the region. We classified locations of respondents' land into two groups based on the vegetation type. One is a riparian area adjacent to the Heihe River. The other is the Gobi area, which lacks water most of the year, and where the vegetation is confined to a few varieties of grasses and herbs. The majority of our respondents have pastures located in the Gobi area, and only a few of them own pastures in a riparian area.
We performed 163 semi-structured interviews using questionnaires, which represents 1% of the population. Among the people we surveyed, 3 respondents had lived in the lower reaches for less than 10 years, and 13 respondents failed to indicate the locations of their pastures and/or farmland. These 16 responses were removed from the study making the actual sample size 147. We asked the respondents to subjectively evaluate their understanding of the contents of SCMPH, and 101 of 147 interviewees responded that they understood the contents of SCMPH fairly well, while 36 interviewees responded that they did not know much about SCMPH. Additionally, we investigated the relationship between actual vegetation changes shown by dNDVI for the pastures and/or farmland of the respondents and the changes in vegetation coverage that the respondents perceived. We classified all respondents into four groups according to the difference between the actual changes and the perceived changes ( Table 2 ). The spatial relationships of the different groups were analyzed using GRASS GIS 6.4 software. 
Results
Vegetation Changes in the Lower Reaches of the Heihe River Basin
We adopted two methods to examine actual vegetation changes in the study area. On one hand, the analysis of remote sensing data revealed a clear increasing trend in vegetation in the areas with medium and high vegetation coverage (Figure 2 On the other hand, the plot survey also showed an increase of vegetation biomass (Figure 3 ). From 2003 to 2013, the crown projections indicate a slight increase of total vegetation coverage in the sample plot. The increase includes both predominant perennials, i.e., Populus eupharatica, Tamarix ramosissima, and Achnatherum splendens, and predominant annuals, i.e., Lycium ruthenicum, Ephedra przywalskii, Arnebia fimbriata, Limonium aureum, Reaumuria soongorica, and Peganum harmala (Appendix Figure A2) . However, these plants were distributed only 0-300 m away from the river, and in locations of 300 m or further from the river, there were only Gobi plants such as Haloxylon ammodendron. Total vegetation coverage in the plot increased from 28.4% in 2003 to 31.5% in 2013, and the change is especially obvious 100-150 m away from the river. Moreover, three dominant vegetation species illustrated different changing patterns during the period: Achnatherum splendens experienced the greatest increase, Populus euphratica increased moderately, and Tamarix ramosissima changed only slightly. On the other hand, the plot survey also showed an increase of vegetation biomass (Figure 3) . From 2003 to 2013, the crown projections indicate a slight increase of total vegetation coverage in the sample plot. The increase includes both predominant perennials, i.e., Populus eupharatica, Tamarix ramosissima, and Achnatherum splendens, and predominant annuals, i.e., Lycium ruthenicum, Ephedra przywalskii, Arnebia fimbriata, Limonium aureum, Reaumuria soongorica, and Peganum harmala (Appendix A Figure A2 ). However, these plants were distributed only 0-300 m away from the river, and in locations of 300 m or further from the river, there were only Gobi plants such as Haloxylon ammodendron. Total vegetation coverage in the plot increased from 28.4% in 2003 to 31.5% in 2013, and the change is especially obvious 100-150 m away from the river. Moreover, three dominant vegetation species illustrated different changing patterns during the period: Achnatherum splendens experienced the greatest increase, Populus euphratica increased moderately, and Tamarix ramosissima changed only slightly. 
Residents' Perceptions of Ecological Changes in the Lower Reaches of the Heihe River Basin
Among the 147 respondents of the semi-structured questionnaire, 75% were born in the lower reaches and 71% are conducting pastoral activities and/or farming as a main income source for living. The spatial distribution of the respondents' pastures ranged from the west to the east of the lower reaches of the Heihe River basin. Figure 4 shows the respondents' perception of local ecological changes from 2003 to 2013 and their anticipation of local ecological changes from 2014 to 2024 if SCMPH is terminated. The survey data indicate that most of the respondents had a pessimistic outlook regarding the ecological conditions in the lower reaches for the next decade. This is despite the fact that many respondents answered that ecological conditions in the lower reaches had improved to some extent in the past decade. 
Among the 147 respondents of the semi-structured questionnaire, 75% were born in the lower reaches and 71% are conducting pastoral activities and/or farming as a main income source for living. The spatial distribution of the respondents' pastures ranged from the west to the east of the lower reaches of the Heihe River basin. Figure 4 shows the respondents' perception of local ecological changes from 2003 to 2013 and their anticipation of local ecological changes from 2014 to 2024 if SCMPH is terminated. The survey data indicate that most of the respondents had a pessimistic outlook regarding the ecological conditions in the lower reaches for the next decade. This is despite the fact that many respondents answered that ecological conditions in the lower reaches had improved to some extent in the past decade. (Figure 4) . Fluctuations in precipitation, humidity, and groundwater levels tend to be less perceptible by the general public. Nonetheless, many respondents still considered these indicators would decrease further in the future. Many respondents recognized decreases in the precipitation (63.3%), humidity (61.2%), and groundwater level (44.2%), while a larger proportion of respondents expected further decreases in these three indicators, i.e., 75.4% in terms of precipitation, 79% in terms of humidity, and 62% in terms of groundwater level.
In order to investigate the relationship between responses of the local residents regarding water and vegetation changes from 2003 to 2013, we examined the responses of the 88 individuals who answered that their general impression of the vegetation in Ejina country was on the "increase" during 2003-2013. The local residents in this subset were more likely to respond that increases had occurred in all of the items related to vegetation and water. In particular, 70.5% of the respondents in this subset considered that the river water amount released to Ejina had increased while in comparison, 54.4% of respondents in the full dataset had this perception. Additionally, 54.5% of the subset maintained the perception that Juyan Lake's water deposits had increased while in comparison, 45.6% of respondents in the full dataset maintained this view.
The distance of the respondents' pasture/farmland from the center of Ejina appears to influence the results of the survey. (Figure 4) . Fluctuations in precipitation, humidity, and groundwater levels tend to be less perceptible by the general public. Nonetheless, many respondents still considered these indicators would decrease further in the future. Many respondents recognized decreases in the precipitation (63.3%), humidity (61.2%), and groundwater level (44.2%), while a larger proportion of respondents expected further decreases in these three indicators, i.e., 75.4% in terms of precipitation, 79% in terms of humidity, and 62% in terms of groundwater level.
The distance of the respondents' pasture/farmland from the center of Ejina appears to influence the results of the survey. living in the riparian areas tend to recognize a positive impact of SCMPH, whereas those living in the Gobi areas may actually perceive a negative impact. Figure 6 shows a comparison between the actual changes in vegetation coverage measured by dNDVI and the changes perceived by the respondents at the same location. The red dots indicate the areas where nine respondents perceived an increase in vegetation coverage throughout the past decade despite a negative dNDVI. The blue dots indicate the areas where 16 respondents perceived a decrease in vegetation coverage despite a positive dNDVI. 
Discussion and Conclusions
Vegetation Increase and Vegetation Restoration
Many previous studies on vegetation changes in the lower reaches of Heihe River basin have assumed that vegetation increase is a sign of vegetation recovery/restoration [12, 19, 29] . However, vegetation increase and vegetation recovery/restoration could be different processes. While vegetation increase simply refers to the enlargement of vegetation cover, vegetation recovery/restoration suggests a more comprehensive process in terms of both 'quantity' and 'quality', i.e., area enlargement as well as a gradual recovery of species structure/diversity.
In this study, we observed an increasing trend of medium and high vegetation cover and vegetation biomass; however, many other factors may affect the change of the vegetation cover, including the increase of cultivated lands and afforested areas. Figure 2 indicates that the increase of cultivated lands in the lower reaches from 2001 to 2011 may have contributed to the observed increase of medium and high vegetation cover. In Ejina county, the area of the cultivated land has increased more than three-fold, from 13.31 km 2 in 2001 to 45.10 km 2 in 2011 (Figures 2 and A4 ). This is a considerable fraction (15.7%) of the total area of vegetation cover increase observed over the decade. The coefficient of determination between cultivated area and the areas with medium and high vegetation coverage is 0.838. Therefore, cultivation could be considered as a primary reason for the increase in the areas of medium and high vegetation coverage.
On the other hand, the field survey suggested that afforestation projects may also contribute to the increase of vegetation cover in the lower reaches. In Ejina, total afforestation area reached 101 km 2 in 2008, accounting for more than 10% of the total forest area [9] . This area is equivalent to more than 70% of the total medium and high vegetation cover in 2001 in Ejina (Figure 2 ). In 2013, the afforestation area increased to 173 km 2 [40] .
In addition to the increase of cultivated lands and afforested areas, since there was little change in the annual mean temperature and annual precipitation during 2000-2013, the increase of river discharge due to SCMPH has certainly helped to increase the vegetation cover in riparian areas of the lower reaches of the Heihe River basin [11, 23, 41, 42] . In the meantime, grazing bans initiated by SCMPH might have contributed to the increase of vegetation cover as well, as observed in the sample plot.
In summary, the vegetation recovery/restoration outcomes of SCMPH may not be as significant as many of the previous reports in the literature have indicated. Our conclusion is consistent with [29] . They concluded that the seasonal accumulated NDVI trend magnitudes higher than 0.14 a −1 are attributable to cultivated land reclamation and are, therefore, not natural vegetation rejuvenation or recovery. The dark blue colored areas with high dNDVI illustrated in Figure 6 are equivalent to the high NDVI trends in [29] . This suggests that those areas are probably expanding cultivated or afforested lands rather than actual vegetation recovery/restoration.
People's Perceptions of the Environmental Changes
This study compared the perceptions of local residents on ecological conditions from various aspects. On one hand, according to the questionnaire survey, many respondents perceived improvements in the ecological conditions of the lower reaches during the past decade. On the other hand, the majority of the respondents were more pessimistic about the ecological conditions in the lower reaches for the next decade. Furthermore, our survey reveals that local residents living in the riparian areas had more recognition of the positive impacts of SCMPH, whereas those living in the Gobi areas had more negative perceptions of the impact of the projects.
The perception gap on vegetation changes between those who have pastures and/or farmland in riparian areas and those who have pastures and/or farmland in Gobi areas might in part be attributable to the effects of the concrete irrigation channels constructed as a part of SCMPH. During our survey, several respondents mentioned that concrete irrigation channels have redistributed the water resources within the Ejina Oasis in favor of (1) forest recovery in riparian areas; (2) recovery of terminal lake surface area; and (3) farmland irrigation. Consequently, the local residents whose pastures and/or farmland are closer to either the natural river course or water channels would have better access to water, while the local residents whose lands are located in distant Gobi areas would receive much less water resources. Meanwhile, respondents also reported that fences were built to prevent livestock, particularly goats, from approaching the riparian plants. Fences, together with the irrigation channels, hinder the movement of livestock and significantly decrease the degree of seasonal mobility.
In other words, the SCMPH has redistributed the water resources and affected livestock breeding in the Ejina Oasis. Our survey suggests a social divide or interest conflict between riparian areas and Gobi areas as an unexpected outcome of the implementation of an ecological restoration program. This finding of ours is consistent with [41] who argued that the implementation of SCMPH has led to an income disparity and social stratification between peoples in riparian and Gobi areas.
In conclusion, SCMPH has increased the vegetation coverage in the Ejina Oasis to a certain level, especially in the riparian areas, but this increase may not be the same as a recovery/restoration process of the vegetation in the region. In fact, large-scale afforestation projects may result in the degradation of vegetation in the surrounding areas despite the increase of vegetation cover in the targeted afforested areas. For example, plant transpiration and evaporation from the soil surface in afforested areas can decrease the soil moisture and deplete the groundwater, which may cause vegetation degradation over the long term [43] . Yang et al. [44] also argued that the creation of artificial ecosystems is ill-suited for combating desertification. Finally, while our research has aimed to help define the problem in order to foster comprehensive management and inclusive decision-making processes of ecological restoration projects, further research is necessary to clarify social aspects of such projects. Specifically, more studies are needed concerning who is adversely affected the most in Gobi areas, how they are affected, and how they are coping with the difficulties. 
